, density functional 2), 3) , molecular mechanics 4) , and molecular dynamics 5) , and hybrid method 6) combining two or three of these methods, has been developed and widely used since the last century. The results and insights from these molecular simulations have motivated scientists and engineers, and stimulated many innovations in quite a wide field of industrial processes.
Catalyst is always very important in industrial production because catalytic efficiency is a key factor of business profitability 7) . To reduce the cost of industrial production, catalyst scientists and engineers have made great efforts to design effective and suitable catalyst for various processes over many years. The microscopic design and assemble of the catalytic active sites are very important in addition to the shape of the catalyst pellet and the constructing the catalyst filling zone in the reactor 8) .
The most effective way to design the catalytic active site is to combine the findings from spectroscopic observation and molecular simulation. The findings from spectroscopic observation suggest the structure around catalytic active site, and results of molecular simulation can confirm the structure is theoretically logical or non-logical 9) . There has already been a long history of spectroscopic study of the catalytic active site. From the beginning, molecular simulation has supported spectroscopic study based on quantum theoretical explanation. Based on the knowledge accumulated through these studies, catalytic scientists and engineers keep wrestling to realize ideal catalyst.
Our studies on molecular simulation of catalytic active sites with Lewis and Brønsted acidities are introduced here. The cause of the strong acidity of sulfate modified ZiO2 is discussed based on the findings of density functional theory (DFT). The local structure around Ti atom in TS-1 was suggested from the findings of the ONIOM hybrid method. The behavior of protons on beta (BEA) zeolite was depicted using DFT simulation. Finally, the possible cause of strong acidity on the pure SiO2 surface is discussed based on DFT simulation for the behavior of ensembles of OH groups on surface defects of quartz.
Origin of Strong Acidity on Sulfate Modified ZrO2
Sulfate-modified zirconia (S _ ZrO2) shows a superior acid catalytic activity for many reactions such as isomerization of hydrocarbons 10) . After the discovery of the acidic catalytic activity of S _ ZrO2 by Arata et al., many studies have used various approaches to improve the catalytic activity during the past 30 years.
We have employed the periodic DFT method to clarify the characteristics of S _ ZrO2 11) . A typical image of surface structure of S _ ZrO2 is shown in Fig. 1 . Several configurations have been assumed for H2SO4 adsorption on the tetragonal surface of ZrO2. The most stable structure consists of co-adsorbed H2O and SO3, which were formed by decomposition of H2SO4, on the tetragonal surface. The H2SO4 adsorption energy on the surface was estimated to be 96.1 kcal/ mol and 59.2 kcal/mol at VWN and BLYP levels, respectively.
The NH3 probe method was utilized in to evaluate the acid strength. NH3 adsorption on the surface of several models showed that our modeled S _ ZrO2 (SO3 and H2O co-adsorbed tetragonal surface) had relatively strong acidity compared with the H2O adsorbed tetragonal surface. On the H2O and SO3 co-adsorbed tetragonal surface, electron transfer from the H2O molecule into the ZrO2 surface occurs together with electron transfer from the ZrO2 surface into the SO3 molecule.
Furthermore, analysis of the Lewis acidity indicated that the coordinatively unsaturated Zr atom connected with the SO3 molecule had strong Lewis acidity, which suggested higher activity of the rough surface of S _ ZrO2.
Ti Location in TS-1
Ti containing MFI type zeolite (Titaniumsilicalite-1, TS-1) has superior catalytic activity for many kinds of oxidation reactions of organic substances. For example, TS-1 effectively catalyzes ethene epoxidation and phenol hydroxylation with hydrogen peroxide as oxidant 12) 14) . Supported Ti oxide also has catalytic activity for these oxidation reactions. However, supported Ti oxides generally show lower activity and efficiency than TS-1 12) . The difference between supported Ti oxide and TS-1 has been considered to be due to the environmental difference around the Ti atom. Zeolite has a crystalline periodic structure consisting of a siloxane bond network, and Si in the network occupies the crystallographically equivalent position. These positions are called T-sites, and MFI has 12 T-sites in its unit crystal structure. Therefore, the location, local structure, and electronic properties of the Ti atom have been extensively studied by using several analytical experimental techniques.
T h e r e s u l t s o b t a i n e d b y O N I O M ( B3LY P / Lanl2dz:UFF) method simulation for local structure change by replacing Si with Ti in MFI framework show that the Ti _ O bond length is slightly longer than the Si _ O bond at the same T site 15) . The Ti _ O _ Si angle deforms to fit the moiety in the constrained zeolite framework by compensating for the enlargement of the Ti _ O bond length and consequent TiO4 unit size (Fig. 2) . No bond is broken by the replacing Si at the T site with Ti. The pore wall shape slightly changes because the Ti atom at the T site displaces some O atoms, which are bonded to the Ti, to the pore. These oxygen atoms are expected to be more interactive with electron acceptor molecules such as H2O and CH3OH. The interaction of these molecules with the oxygen bonded to Ti is very important in order to understand the action of Ti as a catalytic center. We already reported that H2O and CH3OH molecules stabilize the coordination of hydrogen peroxide to the Ti(OSiH3)4 cluster model 16) . The energy sequence determined by ONIOM (B3LYP/Lanl2dz:B3LYP/Lanl2mb) suggested that the most stable Ti substituted T sites are T9 and T10. The difference in the ONIOM energies of T9 and T10 is very small, 4.7259 kJ/mol, and in T9 and T12 or T1 is about 80 kJ/mol. Therefore, T9 and T10 are possible dominant T sites if thermodynamic factors control the structure of Ti containing MFI zeolite. The stability sequence of the T sites is T9 T10 T12 T1 T6 T5 T3. The other T sites are energetically very unstable, and the energy differences between these sites and T9 are larger than 160 kJ/mol.
Proton Behavior in BEA Zeolite Framework
Beta zeolite in proton form (H-BEA) is reported to be a good solid acid catalyst for many types of very important industrial reactions, such as isobutene alkylation with n-butene 17) , 18) , diphenol production by phenol oxidation 19) , 20) , and the Beckmann rearrangement 21) . Thus, beta zeolite is strongly expected to be a candidate catalyst for the next generation of industrial processes. However, crystalline imperfections in the existing cata- lysts prevent us from understanding the catalytic active site on beta zeolite. The Brønsted acid sites ( Al _ OH _ Si acid sites) are expected to be one of the catalytic sites in these reactions. Several Brønsted acid sites on H-BEA have been observed by FT-IR spectroscopic methods as a narrow absorption peak at around 3610 cm -1 and a broad band at around 3600-3200 cm -1 in the OH group absorption region.
Recently, FT-IR measurements of Co/H-BEA, showed that two Brønsted acid sites seem to be adjacent. Furthermore, the strong Lewis acid sites in H-BEA are considered to be generated from the two Brønsted acid sites 22) . We investigated H-BEA models containing two Brønsted acid sites using periodic DFT calculation 23) .
Comparison of the relative energies of 2-Al models, with the 2Al atoms at T1 and T8 sites, respectively, on a H-BEA framework suggested that the possible two Brønsted acid sites are located in 6-oxygen ring of the BEA zeolite wall (Fig. 3) . In this [T1, T8] structure, these two Brønsted acid sites are spatially very close. This result supports the depiction of acid sites on H-BEA by Bortnovsky et al. 24) . In addition, we found that this stable structure has two protons shared by hydrogen bonds between these Brønsted acid sites. These hydrogen bonds stabilize the protons in the local structure of the 6-oxygen ring so that the protons have weaker acidity and the NH3 adsorption energy is 131 kJ/mol. In another 2Al model, with 2Al atoms at T8 and T6, the [T8, T6] model, the NH3 adsorption energy is 144 kJ/mol. In this structure, the two protons are not stabilized by hydrogen bonds, but rather protrude into zeolite channel space.
H-BEA is well known to have several types of acid sites on its structure. Our DFT study suggested that [T1, T8] and [T8, T6] models correspond to relatively weak and strong Brønsted acid sites, respectively, and that 2Al model such as the [T1, T8] model can include a divalent metal ion such as Co(II) introduced by the ion exchange method.
Acidity of Proton of OH Group Ensemble on Pure Quartz Surface
Finally, we introduce our ideal model study of the acidity of proton on pure quartz selected as an example of pure SiO2. The OH groups on quartz surface have been considered to be not acidic, so that if some acidic function is needed, Al(III) ion is generally added to the SiO2 surface to form Si _ OH _ Al structure. The H atom on the bridging OH group acts as a Brønsted acid in many types of acid catalytic reactions.
In other words, acidity of SiO2 has been explained as the presence of Al(III) ions as unavoidable impurity. However, several researchers have reported that highly pure SiO2 materials such as silicalite can also act as an acidic catalyst. The researchers proposed acidic catalytic sites made of several OH groups forming a hydrogen bond network at a defect in the zeolite framework 24) . The structure is called "silanol nest." However, the possibility of contamination cannot be neglected even with the most careful experimental conditions. Also, whether the "silanol nest" type structure is possible only on a zeolite framework or not has not been clearly answered.
To investigate these phenomena, we used theoretical m e t h o d s t o m o d e l t h e i d e a l h i g h l y p u r e S i O2. Furthermore, computer can provide a clear image of the structure of acidic OH groups.
Cristobalite in the low temperature meta-stable structure was used as a model of pure SiO2. The SiO2 surface was made by cutting the crystal structure along the ( 1 0 0) plane. One Si atom on the SiO2 surface was removed to form a defect site. Dangling bonds at the defect were capped with H atoms. This procedure resulted in several types of OH groups on the surface. The positions of all atoms in the periodic cell were optimized.
The SiO2 surface examined in this work has three types of OH groups (Figs. 4, 5 
Si
_ O-bonds) and Q3 (OH group held by 3 Si _ O-bonds) types, and OH groups interacting with adjacent OH groups. Comparison of these structures showed that up to 5 OH groups interact through hydrogen bonding (the 5th OH group appears at the upper side of the figure). The NH3 interaction energy was estimated (Fig. 6) .
The interaction energy of NH3 for OH groups interacting with adjacent OH groups was largest, 133.97 kJ/mol. This value is comparable with the interaction energy obtained for Al containing acidic zeolite 25) . The interacting energies of NH3 with single OH groups were 87.62 kJ/mol (Q3) and 86.97 kJ/ mol (Q2), respectively. Figure 2 shows the interacting structure of NH3 with OH groups interacting with its adjacent OH groups. The interacting structure clearly shows that interacting OH groups act as Brønsted acid.
These results suggest that if we could introduce a suitable defect structure into SiO2, the defect can be expected to act as an acidic catalyst active site. This result is quite advantageous for the design of, for example, a micro-reactor for acidic catalytic reaction.
J. Jpn. Petrol. Inst., Vol. 56, No. 6, 2013 
